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ABSTRACT
We study the effect of carbon segregants on the spin and orbital moments of L10 FePt granular media using x-ray magnetic circular dichroism
(XMCD) spectroscopy and report an effective decoupling of the structural ﬁlm properties from the magnetic parameters of the grains. The
carbon concentration reduces the grain size from (200 6 160) nm2 down to (50 6 20) nm2 for 40 mol. %C and improves sphericity and the
order of grains, while preserving the crystalline order, spin and orbital moments, and perpendicular magnetocrystalline anisotropy. We identify
the primary cause of enhanced saturation and coercive ﬁelds as the reduced demagnetization ﬁelds of individual grains. The ability to shrink
grains without impairing their magnetic properties is a critical requirement for the commercialization of Heat-Assisted Magnetic Recording.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5092719

Hard-disk drives utilizing magnetic recording technology are the
dominant auxiliary storage devices owing to their capacity and price
advantages. Within the next few years, magnetic recording technology
is expected to transition from perpendicular magnetic recording
(PMR) to energy assisted technologies, such as heat-assisted magnetic
recording (HAMR).1 For these applications, the L10 phase of FePt
offering a very high magnetocrystalline anisotropy of 7 MJ/m3 is the
material system of choice.2,3 The high anisotropy allows for pushing
the smallest thermally stable grain sizes down to (3–4) nm, which
corresponds to a storage density of several Tbits/in2. The writing
process has to be energy assisted to overcome the high anisotropy at
room temperature, e.g., facilitating laser induced heating of the FePt
media above its Curie temperature. Magnetically isolated granular
FePt ﬁlms are typically sputter deposited alongside other constituents
that preferentially form grain boundary phases or segregants.3–7 These
constituents include carbon, oxides, nitrides, and carbides. Aside from
segregants, dopants such as Ag and Cu may be introduced into the
FePt to control the structural ordering temperature, Curie
temperature, and other properties. A partial FePt/segregant phase
separation can result in intermixing at the interface between the two.
For instance, a core-shell type of microstructure with an FeOx shell
surrounding an FePt grain has been observed in FePt-SiO2 systems.8
While it is well understood that segregants and dopants in the FePt
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system strongly inﬂuence the magnetic bit recording parameters,3–7
little is known about their effect on spin and orbital moments, and
demagnetization ﬁeld contributions.
In this work, we investigate the effect of carbon segregants on the
spin and orbital Fe moments of L10 FePt nanogranular media and
determine the relation of enhanced coercive and saturation ﬁelds to
the grain size. The spin and orbital moments are quantiﬁed by x-ray
absorption spectroscopy (XAS) and x-ray magnetic circular dichroism
(XMCD) spectroscopy. The carbon promotes sphericity and a narrow
size distribution of the magnetic grains, which increase saturation and
coercive ﬁelds due to reduced demagnetization ﬁelds, while preserving
spin and orbital moments and perpendicular magnetocrystalline
anisotropy. The FePt ﬁlms were prepared at Western Digital following
the procedure described in Ref. 8. We note in particular the following:
(1) The FePt-C ﬁlms were deposited by cosputtering from separate
FePt and C targets. Three sets of 5 nm-thick ﬁlms were grown in situ
at 400  C, 500  C, and 600  C substrate temperatures. We additionally
grew 10 nm-thick sister samples to minimize the experimental uncertainty of crystallographic analysis. (2) We use a 4 nm-thick Co capping
layer deposited at room temperature to facilitate the complete reversal
of the moments during the XAS/XMCD experiments. Without the Co
capping layer, the switching ﬁelds for the ordered FePt ﬁlms in this
study are well beyond 30 kOe and not accessible in this experiment.

114, 162401-1

Applied Physics Letters

FIG. 1. Structural modiﬁcation of L10 FePt granular microstructures by addition of carbon segregants. (a) Top and cross-sectional view of the 10 nm-thick FePt ﬁlm grown at
600  C recorded in the STEM-mode and bright-ﬁeld mode of TEM, respectively. Scale
bars are 20 nm. (b) Distribution of the grain size and sphericity quantifying transformation from large, irregular to small, circular grains. (c) C concentration dependence of
the mean grain size and shape for different growth temperatures.

The Co layer solely serves as a switching-assist layer, so that the samples can be saturated in the available ﬁelds, and affects neither the
morphology nor magnetic properties of the FePt-C system.
The structural properties of the granular ﬁlms without the Co
capping layer are probed using scanning electron microscopy with an
in-lens and an electron backscatter detector as well as scanning transmission electron microscopy and bright-ﬁeld transmission electron
microscopy of top and cross-sectional views, respectively. Each sample
represents a discontinuous, granular ﬁlm as exemplarily shown for
specimens grown at 600  C [Fig. 1(a)]. The grain morphology is
quantiﬁed by the distribution of the grain size and shape (sphericity)
[Fig. 1(b)], which reveals a systematic linear decrease (increase) in the
grain size (sphericity) with the increasing carbon concentration. In
particular, the grain size of FePt is reduced from (200 6 160) nm2
down to (50 6 20) nm2 for the 40 mol. %C concentration [Fig. 1(c)].
Note that these values may vary with the FePt ﬁlm thickness. The
experimental uncertainty is given by the standard deviation of the corresponding distributions. The sphericity is declared as the ratio of the
two major axes of individual grains approximated as ellipses. While
specimens grown at 500  C and 600  C behave qualitatively similarly
in view of the ﬁlm morphology [Fig. 1(c)], a growth temperature of
400  C leads to a maze microstructure which prevails for carbon concentrations up to 40 mol. %.
The carbon driven morphology change preserves the crystalline
L10 structure for concentrations up to 40 mol. % (30 vol.%) [Fig. 2(a)]
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FIG. 2. Preservation of crystallinity and enhancement of coercive and saturation
ﬁelds along the easy axis with increasing carbon concentration. (a) Two-theta x-ray
diffraction scans of the 10 nm-thick FePt ﬁlm conﬁrming crystallographic properties
of L10 FePt. (b) Room temperature out-of-plane magnetic hysteresis loops recorded
by a Physical Property Measurement System. (c) Coercive and saturation ﬁelds of
samples deposited at 500  C and 600  C, measured at 300 K and 375 K. Magnetic
data in (b) and (c) are taken from Co capped 5 nm-thick ﬁlms.

as evident from a nearly constant rocking curve width of (6.2 6 0.2 ),
and improves the overall surface roughness from 1.2 nm (0 mol. %C)
to 0.6 nm (>25 mol. %C). However, it strongly affects the saturation
ﬁeld and coercivity, which increases for concentrations from 0 to
33 mol. %C (Fig. 2). The decrease in coercivity at 40 mol. %C coincides
with the lowered (002) diffraction peak intensity. Despite similarities,
we like to emphasize that the magnetics and x-ray diffraction data are
taken from Co capped 5 nm-thick FePt ﬁlms and 10 nm-thick sister
samples without capping, respectively. Interestingly, the relative
change of both ﬁelds as a function of carbon concentration is similar
for different measurement temperatures and particularly growth temperatures despite distinct values for FePt with 0 mol. %C. This behavior
suggests a governing role of extrinsic properties, i.e., grain morphology,
not crystallinity, as discussed in detail below. The dependence on
growth temperature originates from a slightly better crystalline ordering for specimens deposited at 600  C. The percentage of switched
grains in specimens with 40 mol. %C at remanence is similar to that of
pure FePt of roughly 10%. Note that the lack of a fully saturated remanent state and relatively low coercive/saturation ﬁelds (thrice less with
Co capping) are due to the exchange-spring reversal caused by coupling to the Co capping layer. A similar carbon concentration dependence of the coercive ﬁeld peaking at 30 mol. % was observed in
previous works and assigned to an improved crystallinity.3,4
Further insight into chemical and magnetic properties is given by
XAS and XMCD spectroscopy performed at beamline 6.3.1 at the
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FIG. 3. Quantiﬁcation of spin and orbital moments utilizing x-ray magnetic circular
dichroism spectroscopy. (a) X-ray absorption spectra and XMCD signal near Fe L3,2
edges shown for L10 FePt grown at 500  C and saturated out-of-plane in 619 kOe.
Dashed lines plot the integrals used for quantitative analysis as deﬁned in the text. (b)
Room temperature spin and orbital moments as well as their ratio as a function of carbon concentration. Colored horizontal lines indicate literature values for Fe moments in
L10 FePt. Striped lines refer to bcc Fe moments. (c) Total moments plotted for various
measurement temperatures and carbon concentrations.

Advanced Light Source and quantifying spin and orbital moments to
assess the governing magnetocrystalline anisotropy. The XAS near the
Fe L3,2 edges [(690–750) eV] are recorded in the presence of an external magnetic ﬁeld (619 kOe) normal to the sample surface. The spectra plotted in Fig. 3(a) are typical for metallic FePt and conﬁrm that
carbon solely affects the ﬁlm morphology but not the chemistry as it
migrates to the grain boundaries instead of intercalation. For comparison, FePt specimens with 50 mol. %C reveal an obvious shoulder of
the L3 absorption peak associated with Fe-C hybridization and a carbon intercalation. Despite the high sensitivity of XAS to chemical
bonding, it is impossible to completely exclude hybridization at
40 mol. %C. However, it does not measurably impact the magnetic
moments. This interpretation is consistent with micromagnetic simulations of the effect of intercalated carbon inside L10 FePt that leads to
a fading of magnetocrystalline anisotropy at 10 mol. %C and beyond.3
Calculating
the integrals Ðof both XAS and XMCD
spectra r
Ð
Ð
¼ L3 þL2 ðlþ þl Þdx; q ¼ L3 þL2 ðlþ  l Þdx; p ¼ L3 ðlþ  l Þdx,
shown as dashed curves in Fig. 3(a), allows for quantifying the orbital
and spin moment using the sum rules9,10 according to mo ¼  4q
3r nh
7hTz i 1
and ms ¼  6p4q
r nh ð1 þ 2hSz i Þ , respectively. The Fe electron hole
density is set to nh ¼ 3.73 according to ﬁrst-principles calculations.11
Note that the expectation value of the magnetic dipole operator hTz i is
constant for all investigated systems because of identical ﬁlm thicknesses. Additionally, the L10 crystal structure of FePt causes a
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substantial normal spin–orbit coupling that nulliﬁes surface contributions. Hence, contributions from the magnetic dipole operator are
neglected to simplify the study of the impact of the carbon concentration. The accordingly obtained data reveal signiﬁcantly larger orbital
moments than bcc Fe12 due to spin–orbit coupling with adjacent Pt
layers and similar values for spin moments [Fig. 3(b)]. In fact, the
experimental data agree well with the range of moments reported in
previous works on L10 FePt and L10 FePt-C.3,7,13,14 Overall, the spin
moment is within experimental uncertainty unaffected by the carbon
concentration afﬁrming the absence of chemical disorder or a deadlayer surrounding each grain. The slightly increased orbital moment,
virtually the same for any investigated carbon concentration, indicates
an enhanced vertical ordering of the Pt/Fe layer system compared
with pure L10 FePt, which does not further improve with the carbon
concentration. For specimens grown at 600  C, the saturation ﬁeld
even with the Co capping layer exceeds at room temperature the
experimentally accessible value of 19kOe leading to a 90% saturated
sample (Fig. 2). This partial saturation is taken into account by scaling
both orbital and spin moments, which induces a slightly larger uncertainty compared with other measurements. Furthermore, the strong
spin–orbit coupling and the corresponding perpendicular magnetocrystalline anisotropy of the L10 FePt ﬁlms suppress an obvious temperature dependence in the probed range (300–440) K [Fig. 3(c)].
Note that both statements on the carbon concentration and temperature apply analogously to the magnetocrystalline anisotropy due to its
direct relation to the ordering of orbital moments.
Consequently, the enhancement of coercive and saturation ﬁelds
has to originate from the change in the grain morphology. To conﬁrm
this assertion, we compare the contributions of demagnetization and
magnetocrystalline anisotropy energy to the overall energy. The anisotropy energy E associated
of a magnetic grain can be
Ð with the switching
Ð
calculated via E ¼ l0 e:a: MdH  l0 h:a: MdH of hysteresis-free curves
along the easy and hard axes. Note that the signiﬁcant magnetocrystalline anisotropy of the L10 FePt ﬁlm does not allow for saturating the
ﬁlm along the hard axis. Hence, we approximated the relative change
of the energy E as a function of grain size (carbon concentration) from
the easy axis hysteresis loops as E  12 l0 Ms Hs assuming a similar relative change for saturation ﬁelds Hs along hard and easy axes.
Furthermore, the magnetic energy E  Ed þ Eu comprises demagnetization energy Ed ¼ 12 l0 Ms2 VmT Nm  aNa and the magnetocrystalline anisotropy energy Eu ¼ bKu, favoring easy plane and easy axis
anisotropy, respectively. Here, m is the unit magnetization vector taking the value (0, 0, 1) for perpendicularly magnetized grains and N
is the demagnetization tensor. The corresponding demagnetization
factor Na Ðperpendicular to the substrate surface is deﬁned by
1
dx
ﬃ with major axes a, b, and c.15 In
Na ¼ 12 abc 0 2 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
2
2
ða þxÞ

ða þxÞðb þxÞðc þxÞ

this notation, a is equal to half the ﬁlm thickness (2.5 nm). The grains
are approximated as rotation ellipsoids with a circular lateral expansion

pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
b ¼ c ¼ A=p , which slightly underestimates Na for large grains.
The grain size A is taken from Fig. 1(c). The coefﬁcients a and b denote
quantities, i.e., volume V and saturation magnetization Ms, which are
in ﬁrst approximation constant throughout the sample series and
therefore irrelevant to the following estimation. As evident from Fig.
4(a), the carbon concentration of the 5 nm-thick ﬁlms signiﬁcantly
alters the demagnetization ﬁeld owing to a shrinking of the grains
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compared with 600  C, the latter exhibit larger saturation and coercive
ﬁeld values due to the superior crystalline order. In contrast, 400  C
growth temperature leads to a maze microstructure. We found that
carbon segregates at the grain boundaries, thereby reducing in the present case of 5 nm-tick L10 FePt the grain size from (200 6 160) nm2
down to (50 6 20) nm2. The accordingly altered demagnetization ﬁeld
of individual grains is the primary cause of an increased effective perpendicular magnetic anisotropy in contrast to the current understanding of an improved crystallinity and magnetocrystalline anisotropy.
FIG. 4. Indirect conﬁrmation of the dominant role of shape anisotropy. (a) Normal
component of demagnetization tensor estimated for rotation ellipsoid approximation.
(b) Normalized magnetocrystalline anisotropy with nearly constant values indicating
the governing role of shape anisotropy.

down to nearly isotropic expansion (1/3). The increasingly relevant
demagnetization factor combined with the grain size distribution
explains why the slope of the hysteresis becomes more shallow at large
carbon concentrations [Fig. 2(a)]. The demagnetization ﬁeld contribution governs the relative change of the saturation ﬁelds with respect to
pure FePt,
j

j

Hs aNa þ bKu

;
Hs0 aNa0 þ bKu
which is conﬁrmed by calculating ba Ku [Fig. 4(b)]. Note that the sole
purpose of this estimate is to verify or refute a carbon dependence of
the normalized anisotropy ba Ku after subtracting contributions of grain
size dependent demagnetization ﬁelds. It does not serve as a quantiﬁcation of the anisotropy itself. The negative sign is caused by counteracting magnetocrystalline and demagnetization ﬁeld favoring easy axis
and easy plane anisotropy, respectively. Within experimental uncertainty, primarily originating from the relatively broad grain size distribution [Fig. 1(c)] and underestimated demagnetization ﬁelds for large
grains, all samples reveal the same ba Ku value indicating a modiﬁcation
of the magnetic properties primarily driven by the grain morphology.
This result implies that the current understanding of the role of carbon, enhancing coercivity and anisotropy due to improved crystallinity
and hence magnetocrystalline anisotropy, is by itself insufﬁcient.
In conclusion, we showed that the carbon concentration in L10
FePt granular microstructures signiﬁcantly improves structural properties: it promotes sphericity and a narrow size distribution of the
magnetic grains. This microstructure supports enhanced saturation
and coercive ﬁelds due to reduced demagnetization ﬁelds, while preserving, up to 40 mol. %C, spin and orbital moments and perpendicular magnetocrystalline anisotropy. Higher carbon concentrations cause
atomic intermixing impairing structural and magnetic quality. While
specimens grown at 500  C show a more prominent structural change
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